Introduction
============

Language impairment in children is defined as any kind of difficulty in communication stemming from language delay or abnormal acquisition of language ability caused by a biophysiological deficit of the brain structures, which are responsible for language understanding and expression. Language delay could be either a simple case which has problems only in language territory, or a complicated case combined with problems in various territories, such as mental retardation, autistic disorder, motor delay, hearing defect or lack of environmental stimulation. Therefore, it is important for the optimal treatment of language delay and better prognosis to distinguish if language impairment is a simple or complicated case.

Developmental language disorder (DLD) is a common disorder estimated to occur in as many as 3-7% of otherwise normal children.[@B1],[@B2] This term is applied to children who have (1) significant deficit in language ability, (2) absence of other cognitive impairments (normal IQ, non verbal IQ \> 85), (3) no hearing difficulty, (4) no neurological abnormalities or related medications regarding seizures, cerebral palsy or brain trauma, and (5) no impairment on phonological structures or no psychosocial relationship disorder.[@B3] DLD often has a favorable result with spontaneous improvement without any treatment.[@B4] On the other hand, frequent underestimation of its severity causes delay of treatment and worsens the disease course. Following difficulty in communication with peers finally results in a learning disorder or other psychosocial impairments.[@B5] Therefore, it is necessary to have sufficient understanding of the pathophysiology of DLD in order to explain the importance of early diagnosis and treatment.

There are limited studies examining the underlying causes or related neurobiological deficits of DLD because many DLD children do not visit a hospital or do not continue to undergo treatment. Furthermore, a greater number of limitations exist due to difficulties related to ethical issues in performing functional neuroradiological studies in children. Therefore, this study was designed to investigate the general characteristics of glucose metabolism distribution and functional deficits in the brain of DLD children by comparing functional neuroradiological by positron emission tomography (PET) studies between the patient group of DLD children and the control group of attention-deficit hyperactivity disorder (ADHD) children.

Materials and Methods
=====================

Subjects
--------

The patient group consisted of 17 right-handed DLD children recruited among patients who visited outpatient clinics with the chief complaint of language delay and were diagnosed as DLD at Severance Hospital and Yongdong Severance Hospital, Yonsei University Medical Center, Seoul, Korea from 1999 to March 2006. All of the children underwent psychological evaluation, language evaluation and neuroradiological study (by PET and MRI). Eligibility criteria were normal school performance, normal neurological examination and normal developmental history. Exclusionary criteria included hearing or gross sensorimotor deficits, any neurologic disorders such as seizure, clinical evidence of progressive encephalopathy, anticonvulsant or psychotropic medications, and overtly evident focal brain lesions, brain atrophy or ventriculomegaly.

Psychological evaluations with Korean-Wechsler Preschool and Primary Scales of Intelligence (K-WPPSI) or Korean Educational Developmental Institute-Wechsler Intelligence Scale of Children (KEDI-WISC) indicated general mental and social development within normal limits. Subjects showed developmental delay only in language territory, not in cognition, motor or social territories. Patients with a nonverbal IQ of less than 85 in KEDI-WISC were excluded.

Language ability was tested using the Peabody Picture Vocabulary Test (PPVT), Receptive-Expressive Emergent Language Scale (REEL), Korean-Northwestern Syntax Screening Test (K-NSST), Sequenced Language Scale for Infants (SELSI) and Preschool Receptive-Expressive Language Scale (PRES). DLD classification required relative but significant deficiency in language measures, in other words, either a mean length of utterance score that is 2 standard deviations below the mean for the child\'s chronological age, or a 1 year delay below the child\'s chronological age. Receptive language quotient (receptive language age divided by chronological age) and expressive language quotient (expressive language age divided by chronological age) were used to compare language delay among subjects.

The control group consisted of 10 right-handed ADHD children recruited among children who were on psychiatric treatment under the diagnosis of ADHD at Severance Hospital and Yongdong Severance Hospital, Yonsei University Medical Center, Seoul, Korea from 1999 to March 2006. All of the children underwent neuroradiological study (by PET and MRI). Subject eligibility required normal developmental history. Exclusionary criteria included language delay and psychotropic medications.

Data analysis of neuroradiological studies
------------------------------------------

Visual interpretation of MRI and PET images was done by radiologists who did not have any clinical information regarding the subjects. Focal or diffuse functional abnormalities of glucose metabolism were found in F-18 FDG PET results, which were constructed as coronal, sagittal and axial planes.

The results from ^18^F-FDG-PET measurements at rest in 2 groups of DLD and ADHD children were compared by Statistical Parametric Mapping (SPM) analysis. For this analysis the subjects were limited to children whose age ranged from 5 to 10 years and who underwent a PET study at Severance Hospital to prevent bias resulting from age differences or non-identical PET machinery.

Spatial pre-processing and statistical analysis of ^18^F-FFMZ-PET were performed using Statistical Parametric Mapping (SPM2, Institute of Neurology, University College of London, UK). All ^18^F- FDG-PET images were normalized into a group ^18^F-FDG-PET template to remove the inter-subject anatomical variability. The ^18^F-FDG-PET template of both the DLD and ADHD group was spatially normalized into the MNI (Montreal Neurological Institute, McGill University, CA, USA) standard ^18^F-FDG-PET template with nonlinear transformation. Spatially normalized images were smoothed by convolution with an isotropic Gaussian kernel with 8mm FWHM to increase the signal-to-noise ratio and accommodate the variations in subtle anatomical structures. The effects of global uptake were removed by normalizing the count of each voxel to the mean count of the brain (proportional scaling in SPM). A significant decrease and increase of the adjusted regional uptake were obtained using t-statistics at every voxel from both DLD and ADHD controls. The t-values were transformed to Z-scores in the standard Gaussian distribution. The clusters consisting of a minimum of 50 contiguous voxels with the threshold of uncorrected *p* \< 0.05 for increased uptake sites and *p* \< 0.005 for decreased uptake sites were considered statistically significant.

Results
=======

Demographic and clinical profiles
---------------------------------

The patient group consisted of 17 DLD children including 15 boys (83.3%), aged 2.3-8.6 years (mean age: 4.7 ± 2.1 years), 10 children under 5 years and 7 children over 5 years. The control group consisted of 10 ADHD children including 9 boys (90.0%), aged 3.2-8.7 years (mean age: 7.0 ± 1.8 years), 2 children under 5 years and 8 children over 5 years.

The mean receptive language quotient of the patient group was 57.8 ± 22.7, and the mean expressive language quotient of the patient group was 53.0 ± 19.4. Sixteen DLD children (94.1%) had mixed receptive-expressive impairment, and 1 DLD child (5.9%) had expressive impairment.

Visual interpretation of neuroradiological study
------------------------------------------------

Eight DLD children who underwent MRIs had normal results. However, 87.5% of the children showed grossly abnormal PET findings. Patient group 1 consisting of 7 children over 5 years of age revealed grossly abnormal PET findings in 6 cases (85.7%). Abnormal PET findings were shown most frequently in the thalamus, followed by cerebellum, basal ganglia, caudate nucleus and the left temporal lobe ([Table 1](#T1){ref-type="table"}).

The patient group 2 consisting of 10 children aged less than 5 years, revealed grossly abnormal PET findings in 7 cases (70.0%). Abnormal PET findings were shown most frequently in the thalamus, followed by the basal ganglia, cerebellum, frontal lobe and caudate nucleus ([Table 2](#T2){ref-type="table"}).

The PET findings of 4 DLD children and 6 ADHD children whose age ranged from 5 to 10 years were compared by SPM analysis. The patient group showed significantly decreased glucose metabolism in both frontal, temporal and right parietal areas (*p* \< 0.005, [Fig. 1](#F1){ref-type="fig"}) and significantly increased glucose metabolism in both occipital areas (*p* \< 0.05, [Fig. 2](#F2){ref-type="fig"}).

Discussion
==========

Recently, the development in functional neuroimaging techniques such as single photon emission computed tomography (SPECT) and PET allows unique approaches to study neuronal networks engaged in language processing.[@B6]-[@B9] This contributes to the accumulation of basic knowledge of the developing brain and the pathophysiology of developmental disorders since structural neuroradiological studies such as brain MRI have not resulted in thorough information. As previous studies revealed, many DLD children have functional abnormalities in their PET or SPECT studies without any structural abnormality in their brain MRI. Therefore, functional neuroradiological studies are expected to provide more clinically and academically valuable information. However, currently there are limited reports on the subject of functional neuroimaging studies despite its necessity.[@B10]-[@B17]

Establishing quantitative indices of the developmental brain is important because the focal brain functions of children whose brains develop rapidly are very different from the adult brain.[@B18]-[@B20] Large studies recruiting healthy children to get normal indices for functional neuroimaging studies are not easy to perform due to ethical issues. There are only a few studies with a small number of normal subjects,[@B21] or the use of a control group of children with other disorders, such as ADHD.[@B22] For this reason we chose to have control subjects with ADHD children as well.

More fundamental studies to discover the relationship between neurobiological structures and language development are needed. Research within the last decade indicate a weakened asymmetry in Broca\'s area of specific language impairment (SLI) children,[@B11]abnormal right to left symmetry of cerebral blood flow in SLI children, and decreased cerebral blood flow in the right parietal lobe and subcortical areas of SLI as compared to ADHD children.[@B22] There are several disputes with these studies regarding their explanation of the pathophysiology of DLD. Locke et al.[@B23] explained that the pathophysiology was due to compensated overgrowth of the right hemisphere in circumstances where the left hemisphere is not allowed to develop normally. Gauger and colleagues[@B12] claimed an abnormal proportion of the brain hemisphere does not result from overgrowth of the right hemisphere but rather from the decreased growth of both hemispheres. On the other hand, Galaburda et al.[@B24] reported on the abnormal neurological pathway responsible for language development, and Leonard and colleagues[@B25] discussed the abnormal cell migration by hereditary background.

As mentioned above, the reported findings are currently inconclusive. Further more, previous reports have potential limitations in study design. Park et al.[@B7] concluded that neuroradiological studies cannot replace an early evaluation of language ability. However, there was no quantitative analysis of SPECT findings in that report, and the subject group was too small to give any significance to the functional neuroimaging study in DLD. Kim\'s study,[@B26] which revealed decreased cerebral blood flow in the thalamus and parietal areas of SLI children, also has limitations such as no quantitative analysis but a superficial analysis and no consideration of the characteristics of the developing brain. Hwang and colleagues[@B27] reported decreased blood flow in the basal ganglia and right parietal area of DLD children but without consideration of age differences between the control and patient group.

The developing brain has different neuroradiological findings from the adult brain, for an active metabolic lesion continues to change during developmental periods. Absolute glucose metabolism of the neonate is as low as 30% of an adult\'s, continues to increase until 4 years of age when it is twice that of adult\'s, begins to decrease by 10 years of age, and becomes similar to adult\'s at 16-18 years of age.[@B28] Muzik[@B29] reported that children who are older than 6 years have a similar pattern of glucose metabolism with that of the adult brain. Therefore, analysis of neuroradiological studies without consideration of age differences could result in potential errors. In the present study, only 4 of 17 DLD children were included in SPM analysis because of age differences between the patient and control group. Usually, DLD children visit a hospital at a younger age than ADHD children. Therefore, regarding age differences, we selected age-matched patients and control subjects for the SPM analysis. This is the first study involving age considerations and quantitative analysis of functional neuroimaging studies by PET of DLD children, although it has a limitation due to the small number of study subjects. In addition, this is the first study, which revealed decreased glucose metabolism not only in the left hemisphere but also in the right frontal and temporal areas of DLD children.

The thalamus is an input modulator where external sensory stimuli enter the cortex of the brain. Apart from this study, decreased glucose metabolism in the thalamus is often observed in other studies regarding the developmental disorder spectrum.[@B7],[@B17],[@B30],[@B31] Normally, cerebral blood flow of the developing brain reaches its peak at 2-4 years[@B32] of age, and the blood flow of the thalamus is significantly increased in the cerebral hemisphere as compared to other areas until 2 months after birth.[@B33] From these reports, it can be concluded that the thalamus plays an important role in brain development, especially in the early period. The present result of widely decreased glucose metabolism in both frontal and temporal lobes of DLD children is relevant with respect to Gauger and colleagues\' explanation that the underlying cause of DLD is decreased development in both sides of the cerebral hemisphere and not only in one side.[@B12] There are some problems at the beginning period of brain development that can be presumed, such as a congenital factor or a functional deficit in the subcortical areas including the thalamus, which can widely influence brain development and result in various developmental disorders.[@B14] Therefore, in future research related to the developmental disorder spectrum, the importance of subcortical areas including the thalamus should be recognized.[@B22]

Contrary to our expectations and previous reports, glucose metabolism of the subcortical and cerebellum area of DLD children was not decreased in this study when compared to the ADHD controls. This effect might be explained by the use of ADHD children as the control group, as they might also have abnormal cerebral blood flow in the thalamus, basal ganglia and cerebellum.[@B21],[@B34] Decreased glucose metabolism in the right parietal area of DLD children as compared to ADHD children is relevant in regards to a previous report.[@B22] Because this study compared the glucose metabolism between two groups, abnormal metabolic pattern of ADHD children could affect the result. Possibly increased glucose metabolism in the parietal areas of ADHD children[@B34] could affect the relatively decreased metabolism in the parietal area observed in the DLD children. Increased glucose metabolism in both occipital areas of the patient group could be explained as a result of overactive metabolic compensation in an environment where both frontal and temporal lobes are not normally activated. Although statistically different, a bias could be present from the abnormal control group or from the small size of the subject study group, which may not represent the true characteristics of DLD children. Therefore, further studies recruiting a greater number of DLD children and different control groups such as those without deficits or developmental disorders are needed.

Although this study has some limitations, such as a small subject study group size and the choice of ADHD children as the control group, it is useful since it is the first research with DLD children that considers age differences and compares functional neuroradiological images by quantification. Broader research with additional patient groups is necessary for a clearer understanding of normal language development and DLD. Further research revealing structural microabnormality and neurobiological deficits through quantitative structural and functional neuroradiological studies will play an important role in treating not only DLD but also other diseases confined to the developmental disorder spectrum.
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PET, positron emission tomography; DLD, developmental language disorder.
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